The thermal characterization of aluminum flat grooved heat pipes is performed experimentally for different groove dimensions. Three heat pipes with groove widths of 0.2 mm, 0.4 mm, and 1.5 mm are used in the experiments. The effect of the amount of the working fluid is extensively studied for each groove width. The results reveal that, although all three succeed in dissipating the heat input through the phase change of the working fluid by continuous evaporation and condensation, the effectiveness of the heat transfer increases with reduced groove width. Furthermore, it is observed that there exists an optimum operating point, where the temperature difference between the heating and cooling sections is at a minimum, and the magnitude of this temperature difference is a strong function of the groove width. To the best of the authors' knowledge, the combined effects of groove dimensions and the amount of the working fluid, from fully flooded to dry, is reported for the first time for aluminum flat grooved heat pipes.
Introduction
Heat pipes are passive heat removal devices and they are used in various terrestrial and space applications. They can transfer large amounts of heat from a heat source to a heat sink with small temperature gradients. This makes them a device of choice in applications where formation of hot spots is undesirable. The operation of a heat pipe is initiated by the vaporization of liquid-phase working fluid in the evaporator section, where heat is transferred from an external source. The vapor formed flows to the condenser section, where it condenses by transferring latent heat to the heat sink. The condensate flows back to the evaporator section, in most applications by the capillary effect.
Depending on the application area and available space, heat pipes can be present in various shapes, sizes and configurations including two-phase-closed thermosyphons, capillary-driven heat pipes, annular heat pipes, vapor chambers, rotating heat pipes, gas-loaded heat pipes, loop heat pipes, capillary pumped loop heat pipes, pulsating heat pipes, and micro and miniature heat pipes [1] . In particular, capillary-driven heat pipes employ capillary effect by a wick structure to move the liquid-phase working fluid back to the evaporator section. Wick structures may be present in various forms such as porous structures, axial grooves, mesh-type structures, non-circular CONTACT Assistant Professor Dr. Barbaros Çetin barbaros.cetin@bilkent.edu.tr; barbaroscetin@gmail.com Mechanical Engineering Department, Bilkent University,  Ankara, Turkey. Color versions of one or more of the figures in this paper can be found online at www.tandfonline.com/uhte. micro-channels whose sharp-angled corners work as liquid arteries, or sometimes a combination of them [2] - [5] . Capillary-driven heat pipes are widely utilized in commercial and aerospace applications [1] due to their ability of working against or in the absence of gravity.
Numerical and experimental investigations on heat pipes have started in the mid-1960's with the pioneering work of Grover et al. [6] . Heat pipes with various configurations have been studied in the literature. Heat pipes utilizing grooved wick structures are of particular interest, due to the relative ease of developing analytical models and numerical solutions to estimate their performance. Various groove geometries have been studied, such as fan-shaped [7] , circular [8] , trapezoidal [8] , [9] , [11] , and [12] , triangular [13] and rectangular [8] , [11] , [14] - [22] cross-sections. Copper [7] , [10] , [11] , [13] - [18] , [22] and aluminum [9] , [20] , and [21] were the most common base materials used in the experimental studies. In addition to water, acetone, methanol, and n-pentane, which are all compatible with copper, some special solutions [22] and nano-fluids [16] , [17] have been used in previous studies to investigate the effect of the working fluid on the thermal performance of copper heat pipes.
Considering the material of heat pipes, aluminum alloys are preferable to copper ones due to their lower cost, lightweight, and relative ease of machining. They are widely applied in aerospace applications and low temperature environments. Due to the fact that aluminum is incompatible with water-which is a desirable working fluid for many heat pipe applications-working fluids such as ammonia, acetone and ethane are used in aluminum heat pipes [23] . Despite the significance of aluminum as a heat pipe material, the number of the studies on aluminum grooved heat pipes is limited in the literature. In one recent study, the effects of anodized surface, filling ratio, inclination angle and heat input on thermal performance of an axially grooved tubular aluminum heat pipe with grooves of width 0.8 mm were experimentally investigated for a heat flux range of 0.4-3.4 W/cm 2 , and concluded that anodized surface has better heat transfer characteristics with shorter response time [20] . In another recent work, the effect of the shape of nanoparticles in acetone-based Al 2 O 3 nano-fluids on the thermal resistance of an aluminum flat-plate heat pipe is reported for a heat flux range of 0.20-0.73 W/cm 2 [21] .
Present study
In the present experimental study, aluminum-grooved flat plate heat pipes charged with isopropyl alcohol (IPA) are thermally characterized. Rectangular grooves are machined in a pre-machined recess on the aluminum plate, and the system is confined with a transparent cover to enable instant visualization during heat pipe operation. During experiments, three different groove widths, 0.2 mm, 0.4 mm, and 1.5 mm, are used and the influence of the amount of the working fluid is extensively studied in each experiment. In addition to the usage of IPA as the working fluid, the investigation of the effect of groove size on the thermal performance of aluminum flat plate heat pipes is one of the original aspects of the current research. Moreover, the unique contribution of the present study is that the combined effects of groove dimensions and amount of the working fluid, from fully flooded grooves to dry grooves, is reported in a single study.
Materials and methods
Heat pipe assembly Figure 1 shows the disassembled components of the heat pipe assembly which consists of an acrylic (plexiglas) top-plate, two o-rings, a metal base, thermoelectric heating and cooling units, a fan-integrated heat spreader and the acrylic holder. The metal base has two rectangular grooves for the o-rings and flat grooves operating as heat pipe channels. The top cover is made of a transparent material to enable the visualization of evaporation and condensation as well as recording the amount of the working fluid, and location and extent of probable dryout. The two o-rings suitable for vacuum applications are used for sealing. Six screws are placed to assemble the acrylic top plate and the metal base as well as fixing the position of the metal base on the micro-machining center. Thermoelectric cooling and heating units are in contact with the metal base on the bottom surface. In order to cool the hot surface of the thermoelectric cooling unit, a heat spreader integrated with a 12 V fan is used. The metal base sits on an acrylic holder, which carries the heat pipe and the fan-integrated heat spreader.
Fabrication of the metal base
Aluminum is selected as the base material due to its high thermal conductivity, ease of machining and low cost. Rectangular grooves are used as the wick structure of the heat pipes which drive the liquid flow with capillary action. The groove density (i.e., number of grooves per unit width) is an important parameter on the thermal performance of a heat pipe. In this work, three sample heat pipes with different groove densities are investigated. The fabrication of the metal base starts with the fabrication of two rectangular o-ring grooves followed by the fabrication of a rectangular recess (78 mm × 23 mm) which is 2.5 mm below the top surface using conventional CNC-machining. This rectangular recess is the base for the fabrication of the grooves and acts as a space for vapor flow. At the bottom side of the metal base, small rectangular holes with a depth of 0.4 mm are machined to attach the thermocouples to the desired locations. The location of these holes are shown in Figure 2 and the dimensions of these samples are given in Table 1 . The flat grooves are fabricated by a three-axis micro-machining center (PROINO Z3X Micro Maker) with ±5µm accuracy. The fabrication of flat grooves consists of three major steps. Initially, the top surface of the rectangular recess is machined (with a 1.2 mm cutting tool, feed rate of 2.5 mm/min, and rotational speed of 25, 000 rpm) to enable the precise control of the depth of the grooves. Next, the grooves are machined by performing a fine machining with the following parameters: r A101: 0.2 mm tool, 1.0 mm/min feed rate, 30, 000 rpm rotational speed r A102: 0.4 mm tool, 1.0 mm/min feed rate, 30, 000 rpm rotational speed r A103: 1.2 mm tool, 2.5 mm/min feed rate, 25, 000 rpm rotational speed In the final step, a soft surface polishing is applied on the entire piece to remove the machining burr at the edge of the grooves. Following the fabrication, the sample is ultrasonically cleaned to ensure the removal of any residual debris remaining in the grooves. Finally, the sample is washed by soap and isopropyl alcohol, rinsed with deionized water and blow-dried. Five T-type 
thermocouples (with an uncertainty of ±0.2 • C) are embedded into the metal base at the centerline for temperature measurements. An additional thermocouple is placed at the midpoint of the plexiglas top cover. The locations of the thermocouples together with the thermoelectric heating/cooling units are illustrated in Figure 2 . The fabricated pieces are shown in Figure 3 . The groove profiles are also investigated with a 3D Laser Scanning Confocal Microscope (VK-X100, KEYENCE Corporation). The microscope image of the groove profiles are also provided in the figure. The surface roughness of the bottom surface of the grooves and the fin top surfaces are measured using the microscope at different locations. The average surface roughness of the bottom surface is found to be 0.32 µm, 0.23 µm, and 0.28 µm for 0.2 mm, 0.4 mm, and 1.5 mm grooves, respectively. The surface roughness of the fin top surfaces are obtained as 0.29 µm, 0.31 µm, and 0.35 µm for the same samples, respectively. It is evident from the measurements that there is no significant variation on the machining quality of the pieces which eliminates surface roughness effect on the comparison between the different groove widths.
Heating and cooling units
Thermoelectric devices capable of converting electricity into thermal energy or vice versa are a convenient solution for local heating/cooling applications. The thermoelectric modules used in this study are of type TEC1-03106T125 with dimensions of 2 cm × 2 cm × 4 mm. The module whose hot/cold side is in contact with the heat pipe acts as the heat source/sink. Thermal paste is applied on contact surfaces of the modules to reduce thermal contact resistance. The heat source and heat sink positions are such that they are placed exactly under the grooves array, as shown in Figure 2 . It should be noted that the input current to both heat source and heat sink is kept constant during all experiments for all samples. Therefore, the heat input and output of all of heat pipes during all experiments are intended to be equal.
Working fluid
The compatibility of the working fluid with the heat pipe material, its thermal and wettability properties, and desired operating temperature range of the heat pipe are crucial in the selection of the working fluid in heat pipes [22] , [24] . IPA is compatible with aluminum whereas water is not. Hence, IPA was selected as the working fluid in this study. Table 2 shows the relevant physical and thermal properties of IPA [25] .
Experimental set-up
The experimental set-up is built by integrating the vacuum unit, pressure sensors, thermocouples, data acquisition system and other auxiliary units such as power supplies and computers to the heat pipe assembly. One two-channel power supply is used to run the thermoelectric heating and cooling units, another power supply is used to drive the fan. The photograph of the experimental set-up is given in Figure 4 . In order to ensure the removal of all of the air from the system, all the components (valves, connectors, etc.) used are gas tight. The working fluid is also degassed for at least 15 minutes prior to charging the heat pipe for the removal of any possibly dissolved air. Figure 5 depicts the schematic of the heat pipe connected to the vacuum pump. The connection of the heat pipe to the vacuum pump is made by using some ball valves, T-junctions, and flexible pipes. To be assured of removal of any air inside the connections, pressure is monitored in two different locations, one close to the vacuum pump and the other right after the heat pipe.
Experimental method
The input powers given to the thermoelectric heating and cooling units are recorded during the experiments. In order to minimize the heat transferred to the ambient, Thermal conductivity (25
the power inputs to the thermoelectric units are adjusted in such a way that the temperature measured at the midpoint of the top plexiglas cover is equal to the ambient temperature. Each experiment is completed in a single run during which the amount of the working fluid is changed from fully flooded (i.e., fully flooded case) volumes to dry heat pipe. Figure 6 shows one sample run of 0.2 mm groove heat pipe. Initially all grooves and volumes are fully flooded with IPA, and the heating and cooling units are operating. Every sudden change corresponds to the removal of some IPA with the vacuum pump, to which the system responds with changing temperatures. Once the steady operation is reached more IPA is removed, moving to another operating point. After each IPA removal, the IPA is collected on the condenser side of the heat pipe by tilting, and the extent of the liquid IPA in the grooves is measured under the effect of gravity (Figure 7 ). This procedure is repeated until all IPA is removed and the unit transfers heat only by conduction in aluminum. After completion of the run, the optimum operating point is found, the point which corresponds to the minimum temperature difference between the heater and the cooler. Strictly speaking, this optimum is not a proper optimum operating point, since IPA removal is performed in discrete steps, which are course, thus rendering the possibility that the true optimum point may be missed between two consecutive steps. Nevertheless, the results are judged to be sufficiently close and further improvements are planned for future studies. 
Results and discussion
Tests are conducted for heat pipes with 0.2 mm (A101), 0.4 mm (A102), and 1.5 mm (A103) groove widths. The cooling unit is operated around its maximum power (approximately 6 W), and the power of the heating unit is adjusted to keep the temperature at the midpoint of the top plexiglas cover around ambient. Although the input powers are recorded, the heat addition and removal through the evaporator and condenser sections require the value of the coefficient of performance (COP) of thermoelectric units. Typically, COP of thermoelectric units is a function of many parameters such as applied current, temperature of the hot and cold surfaces, and temperature difference between the hot and cold sides. Moreover, COP data also show a variation depending on the manufacturer. A reliable COP data for the thermoelectric units used in this study, however, is not available. Therefore, a simple computational model based on heat conduction alone (k Al = 140 W/m · K) is developed using a finite element-based commercial software, COMSOL Multi-physics, to quantify the heat input in the experiments. One half of the heat pipe is simulated due to symmetry. Insulated boundary conditions are applied on the side and bottom surfaces, and natural convection is assumed at the top surface with convective heat transfer coefficient of h = 5 W/m 2 · K. Constant temperature values are assigned on the surfaces where the thermoelectric units are located. The model is used to study the two extreme cases of working fluid amount; fully flooded and dry, and exercised to match the experimentally recorded plexiglas and aluminum temperatures at a total of 6 points. Through this model, the heat flux for the experiments is estimated to be in the range of 1.40-1.80W/cm 2 . The comparison of the experimental data and the simulation results can be seen in Figure 8 . Although the same constant electrical power is supplied to thermoelectric units, this variation in heat flux is attributed to the dependence of COP value on operating conditions. For each heat pipe, five different IPA amounts are used from fully flooded to dry. Figure 9 shows the temperature differences between temperatures measured at locations described in Figure 2 (T 1 through T 5 ) and the plexiglas temperature (T 6 ) which is kept approximately equal to the ambient temperature. This is done because during the experiments both the ambient temperature, which is not controlled, and hence the plexiglas temperature varied. This referencing eliminates the erroneous interpretation of the temperature curves for different IPA extents. In the current study, filling ratio is defined as the ratio of the total volume of the working fluid inside the heat pipe to the total volume of the grooves (V fluid /V groove ), and the estimated ranges of filling ratios corresponding to different cases are tabulated in Table 3 . Due to inaccuracies in the measurement of the liquid extent, the estimated range of optimum operating points is large, especially for higher groove densities. The temperature variations along the heat pipes are similar for the fully flooded and dry cases, and display a linear behavior for the fully flooded and dry cases. This is expected since the heat transfer is due to conduction only in the absence of phase change. In the fully flooded case, there is a possibility of heat transfer due to conduction and convection in the liquid. Both of these, however, are found to be very small; conduction due to the extremely small thermal conductivity of IPA compared to that of aluminum, and convection due to very small velocities in the liquid. Since the heat transfer in the fully flooded case is through conduction in both the base metal and liquid, the temperature differences measured in the close proximity of the heater and the cooler are expected to be slightly lower compared to the dry-case, where the heat transfer is in the base metal only. In Figures 9a and 9c , however, the temperature difference on the heater side of the dry case is lower than the fully flooded case. The same trend is also seen in Figure 9a in the proximity of the cooler side as well. This unexpected behavior can be attributed to the accuracy of the calculated temperature reading difference, which is estimated to be (±0.2
• C). With the removal of IPA, the phase change complements conduction and the temperature curves flatten and all temperatures approach the ambient temperature. This is characteristic of heat pipes, where the temperature difference between the high temperature and low temperature reservoirs are small, and these temperatures remain close to ambient temperature for low heat flux values. At the optimum operating point, phase change is dominant, and the slope of the temperature curve is at its minimum, showing that heat conduction in the metal base is at a minimum. Once the temperature difference between the heater and cooler reaches a minimum at the optimum operating point, any additional removal of IPA forces the system to partial dryout and an increase in the temperature differences. The optimum point is achieved with a small quantity of working fluid, and therefore is very close to the dry operating condition. Although the estimates of filling ratios cover a wide range, it can be concluded that the filling ratio at the optimum point decreases with lower groove density. Since the heat pipes make use of phase change heat transfer enabling lower temperature differences and lower peak temperatures compared to conventional counterparts, and also due to the strict peak temperature requirements of current electronic devices, in the current study the measure of the thermal performance of a heat pipe is the temperature difference between the heater and cooler sections for a given heat load, and the heat pipe operating with the minimum temperature difference is defined to be at the optimum point of operation. The temperature difference between the heater and cooler sections (T 1 − T 5 ) is given in Figure 10 for different operating conditions. For A101, the temperature difference between the heater and cooler is 6.9
• C (±0.2 • C) for the fully flooded case, dropping gradually to 0.9
• C (±0.2 • C) for the optimum and increasing to 6.5
• C (±0.2 • C) for the dry case. This shows that with the removal of IPA the system operates like a heat pipe, eventually reverting back to conduction only for the dry case. A similar performance is observed for A102 and A103 where the temperature differences between the heating and cooling units are 8.5
• C (±0.2 • C) and 7.2
• C (±0.2 • C) for the fully flooded case, and reaching a minimum of 1.5
• C (±0.2 • C) and 1.9
• C (±0.2
• C) at the optimum and eventually reaching 8.3
• C (±0.2 • C) for the dry operation, respectively. The operating characteristics of different groove widths are also apparent in the results. The majority of evaporation occurs near contact line within the groove; therefore increasing the number of grooves (i.e., groove density) enhances phase change heat transfer to the fluid [26] . A major fraction of the heat input is transferred through phase change rather than conduction through the heat pipe bulk material, resulting in a considerable reduction in the temperature difference between the heat source and sink. A difference in groove width and the corresponding fin width also changes the conduction in the fin cross-section; this effect, however, is believed to be minor compared to the effect of the increase in length of the contact line. The temperature difference between the heater and cooler sides can be considered as a measure of the effectiveness of a heat pipe. A101 with the highest groove density (i.e., the smallest groove size) has the best performance with a minimum temperature difference of 0.9
• C (±0.2 • C). Another observation is the existence of a partial dryout in the case of A103, which is not seen in the other two samples. In A101 and A102, the amount of IPA left in the grooves is excessively small and an attempt to remove additional IPA resulted in a total removal of all remaining IPA, bringing the system to dry operating condition. In case of A103, however, there is substantially more IPA left inside the grooves compared to A101 and A102 at the optimum operating point; therefore it is possible to remove more IPA from the system without rendering the grooves entirely dry. This enables the operation of the system with partial dryout conditions, where some of the grooves are void of liquid IPA in the vicinity of the heater unit.
Concluding remarks
Thermal performance of three flat grooved heat pipes is investigated experimentally for different groove dimensions. The effect of the amount of the working fluid is studied for each groove width. It is observed that the effectiveness of the heat transfer increases with reduced groove width (i.e., increased groove density) due to increased contact line and improved evaporation. Moreover, there exists an optimum operating point, where the temperature difference between the heating and cooling sections is at a minimum, and the magnitude of this temperature difference is a strong function of the groove width. The heat pipe with 0.2 mm grooves has the best thermal performance, removing the same amount of heat with the minimum temperature difference between the heater and cooler for the input heat flux range considered. In the fully flooded and dry operating conditions, the temperature difference between the heater and cooler is about 6.9
• C (±0.2 • C) dropping to 0.9 • C (±0.2 • C) with IPA removal for this heat pipe.
The optimum operating point of grooved heat pipes is a function of numerous parameters, and in the current study only the effect of filling ratio and groove density are studied. In order to develop a predictive analysis methodology, the influence of other design and operating parameters, including but not limited to heat load, extent of the adiabatic region and the vapor temperature need to be studied. Further research addressing these effects should concentrate analysis and experimentation for a better understanding of underlying physics.
In the current study, the actual amount of heat transferred to the heat pipe cannot be measured precisely because of the heating and cooling with thermoelectric units. Therefore, all experiments are conducted at a constant power input to the thermoelectric units. The amount of IPA in the system, which directly affects the performance, is measured approximately by measuring the extent of liquid IPA in the grooves. Furthermore, the removal of IPA from the grooves after the optimum point is reached, is very sudden due to the excessively small amount of IPA left in the system at this point. These shortcomings will be addressed in the continuation of the current study to better understand and quantify aluminum flat grooved heat pipe thermal performance as a function of input heat flux and groove density. Future research efforts will also concentrate on the development of a computational model to predict the effect of three dimensionality on the thermal performance of an aluminum flat grooved heat pipe.
Nomenclature
COP coefficient of performance of thermoelectric units F fin width, mm H groove depth, mm h convective heat transfer coefficient, W/m 2 · K IPA isopropyl alcohol k thermal conductivity, W/m · K T temperature, • C TC thermocouple V fluid total volume of the working fluid inside of the heat pipes, cc V groove total volume of the grooves, cc W groove width, mm
Subscript
Al aluminum
